Bis-hydroquinone substituted 4,4´-bipyridinium is the formal dimer of an alkaloid isolated from Punica granatum and can exist as dication, cross-conjugated as well as pseudo-cross-conjugated mesomeric betaine, and dianion. It can moreover form persistent radicals in the solid state as well as in solution due to redox reactions of the reducing and oxidizing partial structures. A reversible coupled photocatalytic process with proflavine as the sensitizer and EDTA as the sacrificial donor is presented. We performed ESR and ENDOR spectroscopy as well as DFT calculations to gain additional knowledge about the radical species.
Introduction
Natural products which belong to the class of heterocyclic mesomeric betaines form a relatively small class of compounds with interesting properties. 1, 2 They are hybrids between naturally occuring organic cations (such as pyridinium alkaloids) and the very small group of anionic natural products. 1 In general, heterocyclic mesomeric betaines are divided into four major classes, i.e. conjugated (CMB), cross-conjugated (CCMB), pseudo-cross-conjugated heterocyclic mesomeric betaines (PCCMB), and N-ylides which form a subclass of CMB. 3 We recently focussed our interest on an alkaloid betaine which was isolated from the leaves of Punica granatum, 4 and synthesized some derivatives. 5 Although this Punica alkaloid 2 possesses a very simple structure which is related to the redox systems of the respiratory chain (ubiquinone / NAD + ) as well as photosynthesis (plastoquinones), it is a highly unusual alkaloid for a couple of reasons. First, only two pyridinium-phenolates have been isolated to date from natural sources, 1 although the pyridinium ring is present in all four major classes of heterocyclic mesomeric betaines. Second, we found that this alkaloid can exist as a cation 1, in which form it seemingly was isolated, 4 as two distinct types of heterocyclic mesomeric betaine 2A/B, or as an anionic species 3. 6 The tautomer 2A is a cross-conjugated mesomeric betaine; the cationic partial structure is joined to the negative structure element through an unstarred position of the isoconjugated equivalent, the benzyl anion (Scheme 1). This architecture causes a delocalization of the charges in separated parts of the common π-electron system. In the tautomer 2B, which represents a conjugated mesomeric betaine, the cationic partial structure is joined through a starred position of the isoconjugated benzyl anion. As a consequence, common atoms for either charge exist in the canonical formulae. Betaines, which belong to two distinct classes are very rare. 7 We wish to report here the results concerning the synthesis and properties of the 4,4´-bipyridinium derivative of alkaloid 1. We were stimulated by the fact that photocatalytic reductions of methylviologen (MV 2+ ) in the presence of several sensitizers, 8 or the photochemical decomposition of water to hydrogen 9 via the MV +• radical still remain interesting topics of current research. Less attention, however, has been focussed on derivatives of the substitution pattern of the 4,4´-bipyridinium itself. 10 Recent examples are the combination of methyl viologen with iron porphyrins, 11 and the synthesis of viologens with extended π-conjugation. 12 The MV +• radical can be recognized by enzymes such as hydrogenase, 13 formate dehydrogenase, 14 nitrate as well as nitrite reductase, 15 and glutathione reductase. 16 Host-guest properties were also reported 17 and the isolation and X-ray analysis of the PF 6 -salt was presented. 18 The 4,4´-bipyridinium derivative of the Punica alkaloid 2 combines typical donor (benzene-1,4-diol) and acceptor (viologen) structure elements which have individually attracted considerable attention due to their ability to form CT complexes with interesting photo and electronic properties. The synthesis of a 4,4´-bipyridinium derivative of the Punica alkaloid starts from pbenzoquinone 4 and 4,4´-bipyridine (Scheme 2). Conducting the reaction in acetic acid, followed by the addition of excess hydrochloric acid to exchange the anion to chloride, results in the formation of the hydroquinone 6 which is orange-brown in color; more vigorous conditions lead to the formation of the symmetric bipyridinium compound 7 as dark crystals which include one molecule of water of crystallization per molecule of 7. Starting from chlorobenzoquinone 5, the reaction conducted in 1,2-dichlorobenzene as solvent yields the quinone 8 which proved to be very sensitive toward traces of water, so that it could not be characterized completely. In electrospray mass spectrometry, a prominent peak at m/z 263 u clearly indicates the existence of the molecule in a mixture with hydroquinone 6. 
Scheme 3
Two pK a values of 7, 6.9 and 10.3, were determined by titration of 100 mL of a 0.01 M solution of 7 in water with 0.1 M HCl and 0.1 M NaOH, respectively. These results resemble the Punica alkaloid 1, which has two pKa values at 6.9 and 10.2. Obviously, the acidities of the hydroquinone moieties of one part of the molecule are not influenced by the second hydroquinone. The titration curve of 7 is presented in Figure 1 . A concentrated solution of 7 in water has pH 3.6, so that a mesomeric betaine such as 9 is formed in solution which (similar to alkaloid 2 5, 6 ) cannot be distinguished spectroscopically from its tautomers and which is presented in Scheme 4. The salt 7 and the betaine 9 have absorption maxima λ max = 286.0 nm, measured in HCl at pH 1.4 and pH 6.8. The betaine displays an additional strong shoulder at λ max = 260 nm ( Figure 2 ). It is intensely orange in color and slowly decomposes as a solid in air such that it could only be characterized in solution. As expected, all 1 H NMR signals are considerably shifted upfield on neutralisation of 7. 
Scheme 4
In contrast to the Punica alkaloid 2, the 4,4´-bipyridinium derivative 9 can be classified as a hybrid between a cross-conjugated (CCMB) and a pseudo-cross-conjugated mesomeric betaine (PCCMB) according to the classification by Ollis, Stanforth and Ramsden. 3 Thus, deprotonation of the 5´-OH group results in the formation of a CCMB with positive and negative charges which are restricted to separate parts of the molecule, whereas deprotonation of the 2´-OH group yields a PCCMB. Electron sextet structures without internal octet stabilization, which can be drawn as one of several canonical formulae, are characteristic for pseudo-cross-conjugation (Scheme 4). 1, 2, 3 Although these electron-sextet formulae have only a small contribution, if at all, to the overall-electronic structure of the molecule, the charges are effectively, but obviously not exclusively, delocalised in separated parts of the common π-electron system. 3 Accordingly, common sites for positive and negative charges exist in the canonical formulae.
Under an inert atmosphere, however, addition of base to a solution of 7 results in a sudden change of the color to intense blue, which -at least in part -is due to the formation of radical species. This color disappears on acidification, on addition of K 3 [Fe(CN) 6 ], and on addition of sodium dithionite. Basification under these conditions results in an upfield shift of the resonance frequencies, which broaden considerably as the blue color develops. A priori, two distinct types of redox reaction can be taken into consideration An intramolecular electron transfer from the reducing deprotonated hydroquinone moiety (1,4-benzenediolate) to the 4,4´-bipyridinium ring would lead to diradical species such as 9 2• (Scheme 5) which could then result in the formation of quinoidal structures such as 12 after tautomerisation. However, no trace of this compound 12 was ever observed spectroscopically. On the other hand, a disproportionation of two molecules of 9 would lead to radical anions 9
•-and radical cations 9. The former mentioned radical anions resemble known persistent radicals formed from methyl viologen and are known to be persistent and blue in color. 10, 22 In order to gain additional knowledge about the radicals and to study protonated as well as nonprotonated species, we performed some ESR studies on the salts 6 and 7 as solids, and on the mesomeric betaine 9 in solution. The ESR spectra of 7 in the solid state and in triethylamine solution, in which the mesomeric betaine 9 is formed, are shown in Figure 3 . The ESR spectra consist of broads singlets centered at g = 2.00349 without observable hyperfine splittings. It is evident, that addition of base causes a considerable intensification of the ESR signal indicating that more free radicals are generated under these conditions. Figure 4 shows the ESR spectra of the solid compounds 6 and 7 at approximately 9.8 GHz and 94 GHz, as well as the theoretical spectra of radicals 6·, 7· + (Scheme 6) and 9· -simulated for g tensors calculated by the DFT method using the BLYP functional, and disregarding any hyperfine couplings. A DFT computation was also performed for radical 9· + . The corresponding spectrum is not shown as it extends to much lower fields (3.345 T) than the experimental spectra (g x = 2.0098). Furthermore, the smallest principal component of the computed g tensor of radical 9· + of 2.0026 is larger than the free electron g value of g e = 2.0023, while the experimentally observed and all other computed g tensors have one principal component g z that is smaller than g e . We may thus safely rule out that the observed radical is formed by a one-electron reduction. It is also apparent that the computed spectrum of radical 7· + is a better fit to the experimental spectrum than the computed spectrum for the betaine form 9· -. 
Scheme 6
Closer inspection of the experimental spectra reveals that their high-field edges corresponding to the g x component are substantially broadened. This is unlikely to be due to g strain, as the deviation from g e is relatively small. The broadening must thus be attributed to hyperfine couplings, which are not included in the simulation. Indeed, a DFT computation of the hyperfine couplings of radical 7· + reveals that the 14 protons with maximum hyperfine couplings of 7.5 MHz. This finding is in line with the stronger broadening at the the g y and g z components for radical 6·, which are caused by the larger maximum coupling. Based on these findings, we tried to fit the high-field ESR spectra by simplified parameter sets with coincident principal axes frames for the hyperfine and g tensors and by explicitly considering only hyperfine couplings to the nitrogen nuclei and the adjacent aromatic protons (Figure 4b ). All remaining hyperfine couplings were simulated by a global Gaussian line broadening parameter of 13 MHz for radical 6· and 8 MHz for radical 7· + .We found that we had to change the g values compared to the DFT results to obtain satisfying agreement. Furthermore, all proton hyperfine couplings had to be scaled by 50%, while the values for the nitrogen couplings could be retained. Except for the resolution of the 14 N hyperfine coupling along g z that is not observed in the experiments, the simulated spectra agree quite well with the experimental ones. The inferior resolution of the experimental spectra in this region may be partially due to the non-coincidence of the principal frames, but may also indicate some variation in the parameters due to crystal strain. In the ENDOR spectrum of 7 at approximately 9.8 GHz, The radical anion 9 can be generated in solution in coupled photocatalytic processes involving energy-and electron-transfers with proflavine as sensitizer (Scheme 7). Thus, irradiation of a neutral aqueous solution of catalytic amounts of acridinium-3,6-diamine (proflavinium; pKa = 9.65 in water 21 ), excess ethylenediamine-tetraacetic acid disodium salt (EDTA), and the mesomeric betaine 9 results in the formation of a dark greenish-blue mixture within a couple of minutes in an inert atmosphere. In contrast to photoreductions of methylviologen 22 the process obviously begins with the reduction of the mesomeric betaine 9 to the corresponding monoanion radical 9 by the proflavinium in its excited state, generated by light absorption at λ max = 445 nm. The resulting oxidized photocatalyst is regenerated by reductive quenching with the two-electron donating agent EDTA 23 which is the sacrificial donor of this cycle. On exposure to air the mesomeric betaine 9 is regenerated quantitatively by reoxidation of 9
•-, observable by a spontaneous change of the color of the solution from dark greenish-blue to pale yellow. This cycle can be repeated numerous times, as no decomposition products of the starting material proflavine and 9 are detectable even after prolonged irradiation times. Under an inert atmosphere, the radical is persistent for several hours at room temperature. 
Scheme 7
In UV spectroscopy under nitrogen the radical anion 9
•-can be identified by a broad absorption maximum at λ max = 380 nm and a small shoulder at approximately 590 nm. As the radical forms, the peak of the starting material at λ max = 286 nm disappears. Figure 6 . UV-spectra of betaine 9 and its radical in water. 27 The reversible photocatalytic process of 9 under the conditions described here can therefore be monitored by determining the pH of the reaction medium with time ( Figure 7 ). In summary, we present a simple derivative of a natural product, which possesses interesting properties as a heterocyclic mesomeric betaine and as a radical species. 
